During compatible pollination of the angiosperms, pollen tubes grow in the pistil transmitting tract (TT) and are guided to the ovule for fertilization. Lily (Lilium longiflorum) stigma/style Cys-rich adhesin (SCA), a plant lipid transfer protein (LTP), is a small, secreted peptide involved in pollen tube adhesion-mediated guidance. Here, we used a reverse genetic approach to study biological roles of Arabidopsis thaliana LTP5, a SCA-like LTP. The T-DNA insertional gain-of-function mutant plant for LTP5 (ltp5-1) exhibited ballooned pollen tubes, delayed pollen tube growth, and decreased numbers of fertilized eggs. Our reciprocal cross-pollination study revealed that ltp5-1 results in both male and female partial sterility. RT-PCR and b-glucuronidase analyses showed that LTP5 is present in pollen and the pistil TT in low levels. Pollen-targeted overexpression of either ltp5-1 or wild-type LTP5 resulted in defects in polar tip growth of pollen tubes and thereby decreased seed set, suggesting that mutant ltp5-1 acts as a dominant-active form of wild-type LTP5 in pollen tube growth. The ltp5-1 protein has additional hydrophobic C-terminal sequences, compared with LTP5. In our structural homology/molecular dynamics modeling, Tyr-91 in ltp5-1, replacing Val-91 in LTP5, was predicted to interact with Arg-45 and Tyr-81, which are known to interact with a lipid ligand in maize (Zea mays) LTP. Thus, Arabidopsis LTP5 plays a significant role in reproduction.
INTRODUCTION
In angiosperms, pollination is a key regulatory step in plant sexual reproduction and crop yield. Growing pollen tubes traverse a series of interspecies or intraspecies barriers in the pistil transmitting tract (TT) during a journey to reach the ovule for fertilization (Franklin-Tong, 1999 Lord and Russell, 2002) . Cell-cell communications are known to be involved in regulating polar pollen tube growth in floral reproductive tissues (FranklinTong, 1999; Johnson and Preuss, 2002; Lord, 2003) .
The lily (Lilium longiflorum) plant has a large flower with a 15-cm pistil. Pollen germinate on the wide stigmatic surface, and pollen tubes grow and are guided to enter the long hollow style (Lord and Russell, 2002; Lord, 2003) . This guidance on the stigma is mediated by chemotrophic activity of a small (;9.8 kD) extracellular protein, chemocyanin (Kim et al., 2003) . When passing into the style, pollen tubes grow adhering to each other and to the extracellular matrix of the pistil TT epidermis and deliver two sperm cells to each ovule (Lord, 2000) . Lily SCA (for stigma/style Cys-rich adhesin), a small (;9.4 kD), basic (pI ;9.0), secreted protein, is involved in this haptotactic (adhesionmediated) pollen tube guidance via an ionic interaction with a stylar pectic polysaccharide in the pistil TT cell walls Park et al., 2000) . SCA may act as a lectin-like molecule on the pollen tube cell wall, back from the tip, where adhesive pectins are mainly found . However, SCA was shown to be localized as well at the tip of the pollen tube and to enter the in vitro and in vivo growing pollen tubes via an endocytotic pathway (Kim et al., 2004 (Kim et al., , 2006 . A previous study showed that SCA can facilitate the activity of chemocyanin for chemotrophic guidance of tip growth as well (Kim et al., 2003) . SCA, as a pistil factor , may be involved in cell-cell communication both in pollen tube adhesion and tip growth (Chae et al., 2007) .
SCA is a plant nonspecific lipid transfer protein (LTP) . Plant nonspecific LTPs are small (9 to 10 kD), basic (pI 8.8 to 10), and secreted proteins (Kader, 1996) . They contain four conserved disulfide bonds with eight Cys residues and two consensus pentapeptide motifs (Thr/Ser-X1-X2-Asp-Arg/Lys and Pro-Tyr-X-Ile-Ser) (Douliez et al., 2000b) . These features were also identified in SCA (Chae et al., 2007) . Computational modeling indicates that SCA has an LTP-like structure with a globular shape of the orthogonal four-helix bundle architecture and a hydrophobic core (Chae et al., 2007) . The hydrophobic cavity of several plant LTPs is known to interact with lipids and fatty acids in vitro without ligand specificity (Zachowski et al., 1998; Charvolin et al., 1999; Douliez et al., 2000a Douliez et al., , 2001 Hamilton, 2004) . Only a few plant LTPs related to lily SCA have been functionally characterized, including a few molecules involved in plant defense (Phillippe et al., 1995; Molina and Garcia-Olmedo, 1997 ) and one in cell wall loosening (Nieuwland et al., 2005) . (B) Structures of two T-DNA insertion alleles for Arabidopsis LTP5. The white and gray triangles indicate T-DNA insertion sites in SALK_104674 (ltp5-1) and SALK_020545 plants, respectively. 674-5, 674-3, and LBa1 are PCR primers for genotyping analysis in (C). LTP5-5 and LTP5-3 are LTP5 genespecific PCR primers for evaluating gene transcript levels in (D). LTP5-5B and LTP5C are forward and reverse primers for the first exon of LTP5 shown in (E). LTP5m-3K is the reverse primer for ltp5-1 whose putative translation termination codon (taa, underlined, bold, lowercase letters) was found in frame in the intron. Translation start (ATG) and termination codons (TGA) for LTP5 are shown in bold uppercase letters. Bold lowercase letters indicate both 59-and 39-splicing recognition sites. (C) PCR-based genotyping analysis for ltp5-1 plants. The LTP5 gene locus was not amplified in ltp5-1 when 674-5 and 674-3 primers were used for 35 cycles of PCR (LTP5-39UTR) (top panel). This is due to a homozygous T-DNA insertion, identified by use of LBa1 and 674-3 primers Due to the difficulties of using lily for a genetic approach, we have been hindered in our attempts to further describe the biological function of SCA. Here, we used Arabidopsis thaliana to confirm a biological role for a SCA-like LTP, LTP5, in pollination. Our reverse genetic approach, using a T-DNA insertional gain-offunction mutant (ltp5-1) and pollen-targeted overexpression of ltp5-1 or wild-type LTP5 gene, suggests that Arabidopsis LTP5, a small secreted peptide from both pollen and the pistil, plays a role in pollen tube tip growth and in pistil function.
RESULTS
Isolation of ltp5-1, a Gain-of-Function Mutant for Arabidopsis LTP5
The Arabidopsis genome has a large LTP family (Kader, 1997; Arondel et al., 2000) . As the first attempt to narrow down to SCAlike Arabidopsis LTPs, we obtained all LTP or LTP-like protein sequences from The Arabidopsis Information Resource databank (Altschul et al., 1990) . Our phylogenetic analysis revealed 13 Arabidopsis LTPs closely related to lily SCA (see Supplemental Figure 1 and Supplemental Data Set 1 online). Based upon bootstrap percentage (83%), we further narrowed down seven of them as SCA-like Arabidopsis LTPs: LTP1 to 4, 5, 12, and a putative LTP (At2g15050) ( Figure 1A ). To study biological functions of SCA-like LTPs from Arabidopsis, one or two T-DNA insertion alleles per LTP gene were obtained from the ABRC (Alonso et al., 2003) . We isolated homozygous SALK T-DNA insertion lines using PCR-based genotyping analysis (see Supplemental Table 1 online) . RT-PCR analysis using Arabidopsis LTP gene-specific primer sets (see Supplemental Table 2 online) showed that almost all homozygous T-DNA insertion mutants were not knockouts of gene expression (see Supplemental Figure 2 online) nor did they show any phenotype, except for one allele for LTP5 (ltp5-1, SALK_104674) (Figure 1 ).
The ltp5-1 plant harbored the T-DNA next to the 39-splicing recognition site (ag) in the intron of the LTP5 gene locus (Figures 1B) . This insertion probably abrogated a splicing process to generate mature mRNA of LTP5. So, we did not identify the full LTP5 ( Figure 1D ). This failure in splicing may also allow an alternative translation termination codon (taa), found in the intron, to be used to generate an aberrant LTP5 transcript ( Figure  1B) . To see if this aberrant, unspliced transcript is accumulated in ltp5-1 plants, we designed specific primer sets for aberrant LTP5 and LTP5 exon1 (control), respectively (Figure 1B; see Supplemental Table 2 online). In RT-PCR analysis, we found that a high level of the aberrant LTP5 transcript is present in the ltp5-1 plant ( Figure 1E) . A weak level of PCR product for the aberrant LTP5 transcript was also amplified in the wild-type control, probably from a certain level of unspliced RNA precursors.
In the presence of the aberrant LTP5 transcript, ltp5-1 plants have severe defects in pollination and seed formation (Figures 1F and 1G) . Aniline blue staining visualized in vivo pollen tubes growing to the base of the wild-type pistil ( Figure 1F ). However, the majority of ltp5-1 pollen tubes were shown to reach only the middle of the ovary. The ltp5-1 siliques were shown to harbor significant numbers of unfertilized ovules mainly at the base of the ovary ( Figure 1G ). Average sizes of ltp5-1 and wild-type siliques were 1.15 6 0.16 and 1.53 6 0.08 cm, respectively (n = 100). Another T-DNA insertion allele for LTP5 (SALK_020545), which has the T-DNA in the middle of the intron ( Figure 1B ), did not show any aberrant LTP5 transcript ( Figure 1E ) nor did it show any mutant phenotype. This suggests that the presence of aberrant LTP5 (ltp5-1) in the ltp5-1 plant may contribute to the examined mutant phenotypes as a gain-of-function mutation. Indeed, our efforts to complement the mutant phenotypes of ltp5-1 plants were not successful. Due to the nature of the gainof-function mutant, we cannot exclude the possibility that ltp5-1 may act as a dominant-active mutant for LTP5 or as a neomorph (i.e., dominant gain of function different from normal gene function).
Decreased Seed Set in ltp5-1 Is Caused by Both Abnormal Pollen Tube Growth and Disturbed Pistil Function
To clarify the effect of ltp5-1 on Arabidopsis fertilization, we performed reciprocal cross-pollinations between wild-type and ltp5-1 plants (Figure 2 ). Arabidopsis pollen germinated on the stigma within 1 h and penetrated the pistil TT in 3 h (see Supplemental Figure 3 online). A 12-h period was sufficient for the growing pollen tube front to arrive at the base of the ovary (see Supplemental Figure 3 online). In reciprocal cross-pollinations, wild-type pollen showed active pollen tube growth to the base of the wild-type pistil in 12 h, and the mature siliques were shown to be completely filled with fertilized ovules (Figure 2A ). The 2qaverage size of mature siliques and number of seeds per silique from this cross were equivalent to those of self-pollinated wild-type plants ( Figures 2B and 2C ). By contrast, ltp5-1 pollen did not show normal pollen tube growth in either ltp5-1 or wild-type pistils, (E) Identification of aberrant LTP5 transcript in the ltp5-1 plant. Three replicates of RT-PCR using LTP5-5B and LTP5C primers showed the presence of the transcript of LTP5 exon1 in the wild type, ltp5-1, and SALK_020545. LTP5-5B and LTP5m-3K primers were used to amplify the transcript of aberrant LTP5. Thirty-five PCR cycles were performed. (F) Wild-type and ltp5-1 flowers at stage 14 (Smyth et al., 1990) were stained with aniline blue to visualize in vivo pollen tube growth in the pistil (n = 20). Arrow, pollen tube front; st, stigma; sty, style; ov, ovary; an, anther. Bars = 200 mm. (G) Mature siliques of wild-type and ltp5-1 plants were dissected to examine ovules (n = 10). Asterisks indicate unfertilized ovules in the ltp5-1 silique. Bars = 1 mm. resulting in unfertilized ovules mainly at the base of the mature siliques ( Figure 2A ). This caused short siliques and small numbers of seeds per silique, similar to self-pollinated ltp5-1 plants ( Figures 2B and 2C ). Cross-pollination of wild-type pollen onto the ltp5-1 pistil resulted in normal pollen tube growth and silique sizes (Figures 2A and 2B) . However, the dissected siliques harbored many unfertilized ovules, dispersed randomly from the top to the base (Figure 2A ), so the average number of seeds per silique was decreased in this cross, compared with the wild type ( Figure 2C ). Our reciprocal cross-pollination study showed that ltp5-1 has a subtle effect on pistil function for seed formation as well as a more pronounced effect on pollen tube growth. To better define the underlying cause of male sterility of ltp5-1, we performed in vitro pollen tube growth assays at room temperature. Over 50% of ltp5-1 pollen tubes exhibited abnormal tip morphology in 6 h: the tube tip was obviously swollen ( Figure 3A ). These abnormal pollen tubes were arrested in their growth within 6 h of germination, and their relative tube length was shorter than that of the wild type by about half ( Figure 3B ). In addition, ltp5-1 pollen precociously germinated in vitro (see Supplemental Figure 4D online). (A) Flowers at stage 12 (Smyth et al., 1990) were emasculated a day before each cross-pollination (n = 15 per cross). At 12 h after pollination, six to seven pistils were fixed, and pollen tube growth was examined by aniline blue staining. The remaining pollinated pistils ripened into mature siliques in 8 d. Siliques were then dissected for examination of fertilized ovules. Bars = 200 mm. Arrows indicate the pollen tube front in the pistil. Asterisks designate unfertilized ovules in the silique. Bars = 1 mm. (B) and (C) In another set of reciprocal cross-pollinations, sizes of mature siliques (B) and numbers of seeds per silique (C) were examined 8 d after pollination. Control flowers were allowed to self-pollinate (asterisks). Data are shown as mean 6 SD.
We also examined heterozygous ltp5-1 plants (ltp5-1 het) for mutant phenotypes in pollen tube growth and in pistil function. The ltp5-1 het, with half of the pollen normal, showed typical in vivo pollen tube growth (see Supplemental Figure 4A online). However, significant numbers of unfertilized seeds were found dispersed overall in ltp5-1 het siliques, regardless of pollen tube growth behavior in vivo (see Supplemental Figure 4A online). The average longitudinal silique size (1.27 6 0.1 cm, n = 34) was shorter, compared with the wild type (LTP5/LTP5 obtained from backcrossing, 1.52 6 0.12 cm, n = 23). Average seed numbers per silique (33 6 2.1, n = 9) were around half that of the wild type (59 6 4.3, n = 5).
In reciprocal cross-pollination of ltp5-1 het to the wild type ( Figure 3C ), ltp5-1 het pollen tubes were able to grow to the base of either wild-type or ltp5-1 het pistils in 12 h. However, when ltp5-1 het pistils were used as pollen acceptors, resulting siliques were shorter, regardless of the pollen donor was of the wild type (1.3 6 0.1 cm, n = 5) or ltp5-1 het (1.4 6 0.1 cm, n = 5). Their average seed numbers per silique were 28 6 2.5 and 32 6 3.8, respectively. This shows that ltp5-1 het pistils are partially defective in seed formation, as was the ltp5-1 pistil shown in Figure 2 .
In vitro pollen tube growth assays showed that significant numbers of ltp5-1 het pollen, similar to ltp5-1, germinated precociously at 2 h, which is rare for wild-type pollen (see Supplemental Figures 4B to 4D online). Some pollen tubes started to show abnormal pollen tube tips by 6 h after germination (see Supplemental Figures 4F and 4G online) and were arrested with an obviously swollen tip (;16% for ltp5-1 het and ;59% for ltp5-1) by 8 h (see Supplemental Figures 4I and 4J online).
Expression Patterns of LTP5 in the Arabidopsis Flower
In RT-PCR analysis ( Figure 4A ), LTP5 was found to be the most weakly expressed gene in the inflorescence among SCA-like LTPs examined. However, we found that LTP5 is specifically present in pollen, though at a low level. Only the LTP5 transcript became obvious when a second round of PCR was performed using the first PCR products as templates. LTP5 transcript levels also were very low in the pistil compared with other LTPs.
To examine LTP5 gene expression in planta, an ;2-kb upstream genomic DNA sequence of the LTP5 gene was fused with a b-glucuronidase (GUS) reporter gene. In GUS assays of LTP5 pro :GUS flowers, overall signals were very low in pollen and the pistil, similar to RT-PCR results. So, we incubated the flower samples in GUS reaction for up to 5 d to clearly visualize LTP5 gene expression patterns. We found that LTP5 gene expression was obvious in the style, the top surface of the ovary, the receptacle, petals, anthers, and anther filaments ( Figure 4B ). When we removed pollen from the anthers, we could identify a weak GUS signal in pollen ( Figure 4C ). We also identified gene expression in the pistil TT, where pollen tubes grow ( Figure 4D ).
To verify LTP5 expression in growing pollen tubes, we germinated LTP5 pro :GUS pollen in vitro for 6 h and incubated them in GUS reaction for 3 d. GUS signals were clearly identified in LTP5 pro :GUS pollen grains ( Figure 4E , arrow). When pollen grains were about to germinate, the signals became very weak ( Figure  4E, triangle) , but then the weak GUS signals were clearly identified in the growing tubes and at the tip (Figures 5F and 5G, arrows).
Pollen-Targeted Overexpression of Wild-Type LTP5 or ltp5-1 Results in Adverse Effects on Pollen Tube Tip Growth and Seed Set Our study of LTP5 gene expression indicates that ltp5-1, the aberrant LTP5, is also present in the gain-of-function mutant pollen. The ltp5-1 gene in the pollen might express into the ltp5-1 protein, which eventually could cause abnormal pollen tube tip growth as a dominant active form of wild-type LTP5. If so, one would expect that overexpression of wild-type LTP5 or ltp5-1 in wild-type pollen may cause a similar defect as in ltp5-1 pollen. To understand this dominant defect of ltp5-1 on pollen tube growth, (A) Gene expression levels of some SCA-like Arabidopsis LTPs were evaluated by two replicates of RT-PCR using the gene-specific primer sets. Thirty cycles of PCRs were performed for gene expression in the inflorescence apex and pistil tissues and 35 cycles for pollen. Among the LTP genes examined, LTP5 gene transcripts were shown to be present in both pollen and pistil at a low level. Only the second PCR using the first PCR products as templates was able to show a significant level of LTP5 transcript in pollen. we generated transgenic Arabidopsis plants overexpressing either ltp5-1 or LTP5 genes under the control of the pollenspecific LAT52 promoter (LAT52 pro :ltp5-1 and LAT52 pro :LTP5, respectively) (see Supplemental Figure 5A online). The majority of LAT52 pro :ltp5-1 (86%) and LAT52 pro :LTP5 (73.6%) plants in the T1 generation exhibited abnormally swollen pollen tube tip morphology in in vitro pollen tube growth assays (see Supplemental Figure 5B and Supplemental Table 3 online). About 44% of LAT52 pro :ltp5-1 and 28% of LAT52 pro :LTP5 plants had short siliques, <1.3 cm in average length, with many unfertilized eggs (see Supplemental Figure 5C and Supplemental Table 3 online) . Overall, the effects of ltp5-1 overexpression on mutant phenotypes in pollen tube growth and seed formation were slightly more severe than those of LTP5 overexpression.
We obtained homozygous transgenic plants with a single transgene copy for further analysis ( Figure 5A ). We first examined in vivo pollen tube growth and siliques of LAT52 pro :ltp5-1 and LAT52 pro :LTP5 plants ( Figure 5B ). The majority of LAT52 pro :ltp5-1 pollen tubes were arrested in the middle of the ovary. By contrast, LAT52 pro :LTP5 pollen tubes grew to the base of the ovary. However, both produced shorter siliques (;1.3 cm) with many unfertilized ovules. Average seed numbers per silique were 33 6 2.4 (n = 9) for LAT52 pro :ltp5-1 and 46 6 2.1 (n = 10) for LAT52 pro :LTP5 plants. In cross-pollination to the wild-type pistil, the majority of both LAT52 pro :ltp5-1 and LAT52 pro :LTP5 pollen tubes were shown to be unable to grow to the base of the ovary in 12 h ( Figure 5C ). We also evaluated in vitro pollen tube growth for the transgenic lines ( Figure 5D ; see Supplemental Figure 6 (A) RT-PCR analysis for LAT52 pro :ltp5-1 or LAT52 pro :LTP5 plants from two replicates. LTP5-5 and LTP5-3 primers shown in Figure 1B were used to examine LTP5 levels. LTP5-5B and LTP5m-3K primers were used to examine aberrant LTP5 levels. PCR was performed in 30 cycles. The ACT2 primer set was used as the PCR control. online). Unlike ltp5-1, both LAT52 pro :ltp5-1 and LAT52 pro :LTP5 pollen did not show precocious germination nor did they show abnormal tip morphology in 8 h. However, their tips eventually swelled by 16 h of germination.
The overall mutant phenotypes examined in both LAT52 pro :ltp5-1 and LAT52 pro :LTP5 lines were not identical to those in ltp5-1 plants. Their pollen tubes were shown to have swollen tips at 16 h in vitro, while ltp5-1 pollen tubes displayed obvious tip swelling at 6 h. Their effect on silique size and seed set formation was milder, more similar to those of ltp5-1 heterozygous plants. These discrepancies may be due to the different promoters used in our study. LTP5 or ltp5-1 gene overexpressing plant lines had the transgene under the control of the LAT52 promoter, while ltp5-1 plants expressed the mutant gene by LTP5 promoter activity. Nonetheless, our work suggests that ltp5-1 protein causes abnormal pollen tube growth behavior and thereby a decreased seed set in ltp5-1 plants as a dominant mutant of LTP5.
Three-Dimensional Structures of Arabidopsis LTP5 and ltp5-1
We sequenced the PCR product of the aberrant LTP5 transcript shown in Figure 1E to deduce amino acid sequences of ltp5-1.
With elimination of the predicted N-terminal signal sequences, our sequence alignment showed that mature LTP5 protein has 49% amino acid identity to maize (Zea mays) LTP (Shin et al., 1995) , 50% to lily SCA1 (Chae et al., 2007) , and 97% to ltp5-1 ( Figure 6A ). Conserved sequence motifs of the plant LTP family were also found in Arabidopsis LTP5: eight conserved Cys residues and two pentapeptide motifs (Thr/Ser-X1-X2-Asp-Arg/ Lys and Pro-Tyr-X-Ile-Ser) (Douliez et al., 2000b) . Two amino acids (Val-91 and Arg-92) that were translated from the second exon ( Figure 1B ) in the C-tail of LTP5 were replaced with a long, hydrophobic sequence in ltp5-1.
To examine the structural difference between LTP5 and ltp5-1, we predicted three-dimensional structures using structural homology/molecular dynamics modeling (Figures 6B and 6C ; see Supplemental Figure 7 online). Both LTP5 and ltp5-1 showed a typical plant LTP structure with a globular shape of the orthogonal four-helix bundle architecture. However, the additional C-terminal tail of ltp5-1 was predicted to lie down in the vicinity of the first and second helices ( Figure 6B ). Interestingly, Tyr-91 in ltp5-1, replacing Val-91 in LTP5, was predicted to localize in between Arg-45 and Tyr-81, which are known to be crucial for the interaction with a lipid molecule in maize LTP in vitro (Han et al., 2001 ). This localization is favored by the p-cation interaction (A) Protein sequence alignment. Gray boxes indicate the eight Cys residues conserved in the plant LTP family. White boxes indicate Arg-45 and Tyr-81 in the conserved consensus pentapeptide motifs (Thr/Ser-X1-X2-Asp-Arg/Lys and Pro-Tyr-X-Ile-Ser) (Douliez et al., 2000b) . Bold letters are additional C-terminal tail sequences in ltp5-1. (B) Superposition of ribbon representations of the structures of LTP5 and ltp5-1. The structures were generated using homology modeling and 1-ns molecular dynamics simulations. The additional, predominantly hydrophobic, C-terminal tail of ltp5-1 is shown to cap one side of the protein, which is known to be an entrance for a putative ligand to the internal hydrophobic cavity in maize LTP (Han et al., 2001 ). Red, LTP5; blue, ltp5-1; H1 to 4, helix 1 to 4. between the aromatic group of Tyr-91 and the guanidinium group of Arg-45 and by the p-stacking interaction between the aromatic groups of Tyr-91 and Tyr-81 (see Supplemental Figure 7 online).
DISCUSSION
A biological function of plant LTPs has long been explored since they were first proposed to function as lipid carriers between intracellular organelles (Kader et al., 1984) . The finding that LTPs are extracellular matrix proteins (Thoma et al., 1993) shifted our attention to their extracellular role. Lily LTP, SCA, is secreted from the pistil TT epidermis and functions in forming an adhesive matrix with pectin that guides pollen tubes to the ovules Park et al., 2000) . SCA was also shown to be involved in pollen tube chemotropism by synergistically enhancing the activity of lily chemocyanin on the stigma (Kim et al., 2003) . Further work revealed that lily SCA, a secreted pistil factor, is endocytosed through the pollen tube tip and may function in tip growth as a signal transducer (Kim et al., 2006; Chae et al., 2007) . LTPs related to SCA in other plant species have a variety of proposed biological roles. Purified Ace-AMP1 from onion (Allium cepa) seeds showed antifungal activity (Phillippe et al., 1995) . Transgenic tobacco (Nicotiana tabacum) expressing barley (Hordeum vulgare) LTP4 had enhanced resistance against a bacterial pathogen (Molina and Garcia-Olmedo, 1997). More recently, it was shown that tobacco LTP2 mediates cell wall loosening in vitro (Nieuwland et al., 2005) . However, no genetic evidence has yet been provided for these proposed functions.
Some Arabidopsis LTPs were studied using a genetic approach and found to have extracellular functions. Defective in induced resistance 1 (DIR1) is involved in systemic acquired resistance (Maldonado et al., 2002) . Azelaic acid induced 1 (AZI1) is involved in salicylic acid-mediated plant defense (Jung et al., 2009) . Arabidopsis glycosylphosphatidylinositol-anchored LTP1 (LTPG1) is involved in cuticular wax deposition (DeBono et al., 2009 ). However, their homology to SCA-like LTPs is very low.
SCA-like LTPs are small (;10 kD) and basic (pI ;9) molecules (Chae et al., 2007) . DIR1 is ;10 kD but is an acidic (pI ;4.5) molecule. AZI1 and LTPG are relatively basic (pIs 7.7 for AZI1 and 9.2 for LTPG), but they are predicted to be much bigger than SCA-like LTPs (;15 kD for AZI1 and ;19 kD for LTPG). Their amino acid identities to SCA are 20% for DIR1, 7% for AZI1, and 16% for LTPG. In this study, a SCA-like Arabidopsis LTP group, shown in Figure 1A , has 40 to 50% amino acid identity to lily SCA. Our work reveals a biological function for a SCA-like LTP using a genetic approach.
We examined T-DNA mutants of SCA-like Arabidopsis LTPs, focusing on silique size and seed set, which are direct indicators of successful fertilization. The gain-of-function mutant plant for LTP5 (ltp5-1) was shown to have small siliques with a significantly decreased seed set compared with wild-type plants or other mutants. We initially thought this defect would be caused only by a lack of pistil function because SCA was known as a pistil factor for lily pollen tube growth and guidance. However, our reciprocal cross-pollinations and in vitro pollen tube growth assays revealed an unexpected potential male function for LTP5 as well. A majority of ltp5-1 pollen tubes were unable to grow further than the middle of the ovary, resulting in failure to fertilize the ovules at the base of the silique. In addition, in vitro-grown ltp5-1 pollen showed abnormal growth behavior and a swollen tube tip. Our gene expression study demonstrates that LTP5 is present in pollen and in growing pollen tubes at a low level, as well as in the pistil TT. To date, several Arabidopsis LTPs and lily SCA have been shown to be expressed in various tissues, but not in pollen (Thoma et al., 1994; Arondel et al., 2000; Park and Lord, 2003) . Arabidopsis LTP5 is the first LTP found in pollen.
Our initial attempt to complement the abnormal pollen tube growth and seed formation of ltp5-1 plants was not successful. Soon after, we revealed the presence of aberrant LTP5 transcript in ltp5-1 plants by RT-PCR analysis. Our study using pollentargeted gene overexpression suggests that the examined male sterility of ltp5-1 plants could be due to activity of aberrant LTP5. The effects of wild-type LTP5 overexpression was similar to, though slightly milder than, those of ltp5-1 overexpression. This suggests that ltp5-1 may act as a dominant-active mutant of LTP5 in pollen tube tip growth and fertilization, though neomorphic activity cannot be excluded yet.
Arabidopsis LTP1/2, LTP3/4, and LTP5/12 genes are thought to be pairs of duplicated genes. Two genes in each pair were found to be located right next to each other in tandem orientation (Arondel et al., 2000) . However, LTP5 has only a 45% cDNA sequence identity with LTP12, while other pairs showed above 80% identity. In addition, LTP12 transcripts were not found in LTP5, present in pollen, may be secreted from the pollen tube tip and function in establishing or maintaining cell polarity at the tip of pollen tubes. Mutant pollen tubes showed a phenotype similar to that of mutants for Rop signaling (Fu et al., 2001; Gu et al., 2006; Zhang and McCormick, 2007) , suggestive of a role of LTP5 in signaling for polar pollen tube tip growth. LTP5 was also found in the pistil TT, where pollen tubes grow. Our study showed a subtle effect of ltp5-1 on normal pistil function for seed formation. In the pistil, it may be both endocytosed into the pollen tube and interact with pectin in an adhesion-mediated guidance mechanism, as SCA does in lily (Kim et al., 2006) . Other LTPs may also be involved in pollen tube guidance to the ovule for fertilization since several LTPs are known to be present in the Arabidopsis pistil TT (Thoma et al., 1994; Arondel et al., 2000; Tung et al., 2005) .
[See online article for color version of this figure.] either pollen or the pistil ( Figure 4A ). Arabidopsis LTP5 may not be a duplicated gene. Nonetheless, our examination of T-DNA insertional mutants for seven SCA-like Arabidopsis LTPs showed that a downmodulation or knockout of a single gene was not sufficient to cause any mutant phenotype. This suggests that functional redundancy occurs in the SCA-like LTP group. The examined phenotypes of ltp5-1 plants in this study may reflect the disturbance in the redundant function by the gain-of-function mutation.
Our structural analysis showed that Arabidopsis LTP5 has typical features of plant LTPs. It has the eight conserved Cys residues, the consensus motifs, and a globular shape of the orthogonal four-helix bundle architecture. The mutant protein, ltp5-1, was shown to have an additional hydrophobic C-terminal tail, compared with LTP5. Structural homology/MD modeling allowed us to predict that Tyr-91, in the ltp5-1 C-terminal tail, interacts strongly with both Tyr-81 and Arg-45, both of which are highly conserved in plant LTPs and responsible for interaction with the carboxylate group of a fatty acid (Han et al., 2001 ). Analysis of the MD trajectories indicated that Tyr-91-Arg-45 and Tyr-91-Tyr-81 form interactions through p-cation and p-stacking, respectively. These potential interactions in ltp5-1 are yet to be examined. So far, we have no evidence that a SCA-like LTP has a binding partner such as a lipid.
Our study suggests that putative ltp5-1 may disturb a signaling pathway that regulates polarity of pollen tube cells, either in an autocrine manner or as a neomorph (Figure 7) . The abnormal tip morphology of the mutant pollen tubes resembles that of pollen tubes overexpressing Rop1 GTPase or its activator RopGEFs, which regulate cellular responses for polar tip growth (Li et al., 1999; Fu et al., 2001; Gu et al., 2006) . A putative upstream activator of the Rop signaling pathway in pollen is a putative cell surface receptor kinase, PRK2, whose overexpression also causes a swollen tip (Zhang and McCormick, 2007) .
Polarized cell growth shares many fundamental features across species (Madden and Snyder, 1998; Momany, 2002; Baker et al., 2006; Cole and Fowler, 2006; Stumm and Hollt, 2007; Cheung and Wu, 2008; Lee and Yang, 2008) . Small secreted peptides play a crucial role in cell-cell communication to trigger and maintain cell polarization. Yeast mating pair cells use small secreted peptides (a/a factors) to initiate polarized cell growth toward each partner (Madden and Snyder, 1998) . The CXC motif chemokine stromal cell-derived factor-1 (SDF-1) and netrins interact with receptors to regulate polar axonal extension of neurons (Baker et al., 2006; Stumm and Hollt, 2007) . A challenge will be to determine whether Arabidopsis LTP5, or other SCA-like LTPs, act as an extracellular cue to regulate pollen tube cell polarity through a plasma membrane receptor, as do their functional counterparts in yeast and neurons.
In addition to the effect of ltp5-1 on pollen tube growth, we showed that ltp5-1 has a subtle effect on normal pistil function for seed formation in reciprocal cross-pollinations using the ltp5-1 or ltp5-1 het pistil. In spite of normal in vivo pollen tube growth, the mutant pistils did not generate fertilized seed set properly. Our GUS analysis showed an obvious LTP5 gene expression in the pistil TT. Several Arabidopsis LTPs are known to exist in the pistil TT where pollen tubes grow (Thoma et al., 1994; Arondel et al., 2000; Tung et al., 2005) . In addition, lily SCA synergistically enhances the pollen tube guidance activity of chemocyanin, a small secreted peptide in the pistil (Kim et al., 2003) . Arabidopsis LTP5 and other SCA-like molecules may be involved in a signaling hierarchy of pollen tube guidance in the pistil TT (Figure 7) , through which pollen tubes become competent to receive a guidance signal from the ovule (Lord and Russell, 2002) .
METHODS

Plant Materials and Growth Conditions
Arabidopsis thaliana (ecotype Columbia) plants were grown in a growth chamber in the Department of Botany and Plant Sciences at the University of California, Riverside. SALK T-DNA insertion lines were obtained from the ABRC at Ohio State University (Alonso et al., 2003) . Seeds were grown to 6-week-old plants in soil (Sunshine Mix 1; Sun Gro Horticulture) at 228C under a 16-h-light/8-h-dark photoperiod (200 mE m 22 s 21 ).
Phylogenetic Analysis
Amino acid sequences of 107 Arabidopsis LTPs, SCA1 (Chae et al., 2007) , and maize (Zea mays) LTP (Shin et al., 1995) were aligned using default parameters of ClustalX 2.0.10 ( Thompson et al., 1997) , and the aligned sequences were analyzed using PAUP* 4.0 (Swofford, 2003) . Pairwise amino acid divergence was calculated, and a neighbor-joining (Saitou and Nei, 1987) tree was constructed using PAUP*. Support for groups was examined by 1000 bootstrap replicates (Felsenstein, 1985) . Parsimony analysis was also performed using the heuristic search option with tree-bisection-reconnection branch swapping and the multiple parsimony (MULPARS) option on. The heuristic search found two equally parsimonious trees (tree length = 6804, consistency index = 0.4705, retention index = 0.4899), and tree topologies were very similar to the neighbor-joining tree. Therefore, we presented the neighbor-joining tree in Figure 1 for further discussion.
PCR-Based Genotyping Analysis
For PCR-based genotyping analysis, genomic DNAs were purified from an inflorescence. The forward primer (674-5) and the reverse primer (674-3) were designed to amplify an ;1.5-kb genomic DNA sequence including LTP5 from a genomic DNA strand, in which the T-DNA was not inserted (see Supplemental Table 2 online). The LBa1 and 674-3 primers were used for PCR to amplify about a 1-kb genomic DNA sequence from the T-DNA inserted genomic DNA strand.
RT-PCR Analysis
For purification of Arabidopsis pollen RNAs, ;200 Arabidopsis flowers were collected in liquid pollen germination medium [18% sucrose, 0.01% boric acid, 1 mM CaCl 2 , 1 mM Ca(NO 3 ) 2 , and 1 mM MgSO 4 ] containing diethylpyrocarbonate and vortexed to harvest pollen. The pollen was filtered through an 80-mm nylon mesh (NITEX; SEFAR America). The filtered pollen was rinsed with liquid germination medium three times via centrifugation at 1200 rpm. For purification of pistil RNAs, ;20 pistils were dissected out from mature flowers. Except for the gene expression study using pollen and pistil RNAs shown in Figure 4A , all others were performed using RNAs purified from one inflorescence apex. Total RNAs were extracted using the RNeasy Mini Kit (Qiagen). The cDNA synthesis was performed using 0.5 mg of total RNA and the iScript cDNA synthesis kit (Bio-Rad).
Forward and reverse gene-specific primers for SCA-like Arabidopsis LTPs were designed to include several 59-and 39-untranslated region sequences, respectively (see Supplemental Table 2 online). The PCR products, obtained using each primer set, were fully sequenced, confirming the gene specificity of each primer set.
For aberrant LTP5 transcripts in ltp5-1 plants, the forward primer containing the translation start codon (ATG; LTP5-5B) and the reverse primer containing the putative termination codon from the intron (TAA; LTP5m-3K) were used for PCR (see Supplemental Table 2 online). The LTP5-5B primer and another reverse primer (LTP5C) were used to amplify the first exon of LTP5 as the control (see Supplemental Table 2 online).
In Vitro Pollen Tube Growth Assay
Plants were removed from the growth chamber for 2 h before pollen was removed from flowers. Pollen was grown on solid germination medium [18% sucrose, 0.01% boric acid, 1 mM CaCl 2 , 1 mM Ca(NO 3 ) 2 , 1 mM MgSO 4 , and 0.5% Noble agar] at room temperature. Pollen tube length and tip morphology were examined at various time points (2 to 16 h) using a Leica dissecting microscope or an Eclipse inverted microscope (TE300; Nikon) for higher magnification. The relative length of pollen tubes was measured at 6 h using ImageJ (Abramoff et al., 2004) .
Study of in Vivo Pollen Tube Growth and Seed Formation in Siliques
To examine in vivo pollen tube growth, about 10 mature flowers at stage 14 (Smyth et al., 1990) were fixed in acetic acid/ethanol (1:3) solution. Fixed floral tissues were cleared in 8 M NaOH and stained with aniline blue following a previously published method (Mori et al., 2006) . Pollen tube growth in the pistil was examined using a fluorescent compound microscope (Nikon Microphot FXA), and digital images were captured using a Spot Insight camera (Diagnostic Instruments).
To evaluate fertilization, mature siliques were measured for their lengths and dissected to identify unfertilized ovules. Siliques were also decolorized by incubation in 100% ethanol at 378C overnight to visualize the seed set.
For in vivo reciprocal cross-pollination, ;20 floral buds at stage 12 (Smyth et al., 1990) were emasculated per cross a day before handpollination. Fresh pollen at flower stage 13 (Smyth et al., 1990 ) was fully applied to the stigma of the emasculated flower. After a 12-h pollination, the pollinated pistil was fixed, stained with aniline blue, and examined as described above. For the fertilization study, half of the pollinated flowers were further grown in the growth chamber for 8 to 10 d. Siliques were dissected or decolorized at maturity to examine seed set.
Generation of Transgenic Plants (LAT52 pro :ltp5-1, LAT52 pro :LTP5, and LTP5 pro :GUS)
The 35S promoter of Cauliflower mosaic virus in a binary vector pCL0011 (Lin et al., 2003) was replaced by the PCR-amplified EcoRI-BamHI fragment (see Supplemental Table 2 online) containing the tomato (Solanum lycopersicum) LAT52 promoter (Twell et al., 1990) to generate the plasmid construct pCL0011-LAT52 pro . The PCR-amplified BamHI-XbaI fragment (see Supplemental Table 2 online) containing ltp5-1 or wild-type LTP5 coding sequence was cloned into pCL0011-LAT52 pro . The binary plasmid constructs, pCL0011-LAT52 pro :ltp5-1 and pCL0011-LAT52 pro : LTP5, were introduced into Arabidopsis plants using Agrobacterium tumefaciens strain GV3101 with a floral dip method (Clough and Bent, 1998) . LAT52 pro :ltp5-1 or LAT52 pro :LTP5 transgenic plants were selected on soil by spraying with a 1000-fold dilution of Finale (AgrEvo Environmental Health; BASTA). Spraying was initiated at 10 d after germination and was performed three times every 2 d.
For the LTP5 pro :GUS fusion, a 2-kb-upstream region of LTP5 was amplified from genomic DNA by PCR (see Supplemental Table 2 online), and cloned into a Gateway Binary Vector pGWB3 (Invitrogen). This plasmid construct was used for transformation of Arabidopsis plants.
LTP5 pro :GUS transgenic plants were selected on solid MS medium containing 30 mg/ml kanamycin.
GUS Assay
Mature LTP5:GUS flowers were incubated for 5 d at 378C in a GUS reaction buffer (10 mM EDTA, 100 mM sodium phosphate, pH 7.0, 0.5 mM potassium ferrocyanide, 0.5 mM potassium ferricyanide) and 0.1% Triton X-100 with 1 mM 5-bromo-4-chloro-b-D-glucuronide. GUS-stained tissues were decolorized with 70% ethanol three times in a 12-h incubation at 378C. The developed GUS signals were examined using a Leica dissecting microscope. For examination of gene expression in pollen, LTP5 pro :GUS pollen were grown in vitro on solid medium for 6 h and incubated for 3 d in a GUS buffer. GUS signals were examined using a fluorescent compound microscope (Nikon Microphot FXA) in the RGB color mode.
Homology Modeling/Molecular Dynamics Simulations
To generate homology models for LTP5 and ltp5-1, we first generated amino acid sequence alignments between our target sequences and the maize LTP sequence using ClustalW (Chenna et al., 2003) . The obtained amino acid sequence alignments and the template structure, maize LTP (PDB Code: 1MZL) (Shin et al., 1995) , were imported into the Automodel module of the homology modeling package Modeler 9v5 (Fiser and Sali, 2003) . After generation, models were visualized using Chimera (Pettersen et al., 2004) and inspected for van der Waals clashes, secondary structure quality, and disulfide bond correctness.
Following the homology modeling procedure, molecular dynamics (MD) simulations were performed to relax the structures through the optimization of local contacts and geometries under the influence of the protein's force field. MD trajectories were obtained using an explicit water sphere and spherical boundary conditions. The simulations were allowed to run for 500,000 iterative steps with a 2-fs time step, resulting in trajectories of 1-ns durations. The scalable molecular dynamics package, Nanoscale Molecular Dynamics (Phillips et al., 2005) , was used in conjunction with the CHARMM22 (MacKerell et al., 1998) force field. The setup and analysis of the generated MD trajectories was performed using visual molecular dynamics (Humphrey et al., 1996) .
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: LTP1, At2g38540; LTP2, At2g38530; LTP3, At5g59320; LTP4, At5g59310; LTP5, At3g51600; a putative SCA-like LTP, At2g15050; LTP12, At3g51590; DIR1, At5g48485; AZI1, At4g12470; and LTPG1, At1g27950.
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